Chloroform is sometimes added to stock cultures of bacteriophage to prevent microbial contamination.1 During the course of experiments on the effect of nitric oxide on X-ray inactivation of bacteriophage it was noted that phage stocks which had been preserved with chloroform always showed greater sensitivity to X irradiation than those not so preserved. The purpose of this communication is to report the results of preliminary investigations into the relationship between chloroform and X-ray inactivation of T2r phage and to describe conditions under which the lethal effect as judged by surviving fraction following a given dose of X rays can be increased by as much as 500,000 times in the presence of small amounts of chloroform.
Chloroform is sometimes added to stock cultures of bacteriophage to prevent microbial contamination.1 During the course of experiments on the effect of nitric oxide on X-ray inactivation of bacteriophage it was noted that phage stocks which had been preserved with chloroform always showed greater sensitivity to X irradiation than those not so preserved. The purpose of this communication is to report the results of preliminary investigations into the relationship between chloroform and X-ray inactivation of T2r phage and to describe conditions under which the lethal effect as judged by surviving fraction following a given dose of X rays can be increased by as much as 500,000 times in the presence of small amounts of chloroform.
Materials and Methods.-Preparation and purification of phage stocks and assay procedures have been described.2 Spectroquality reagent grade chloroform was a product of Matheson, Coleman, and Bell. The irradiations were carried out with a Quadrocondex constant potential X-ray machine operated at 220 kv and 15 ma. No filtration was used. The relative dose rate was determined before and after the experiments with a Victoreen Radocon. Since this instrument was calibrated using filters, the doses given in the tables and figures are low by a small unknown factor, and they should be considered as relative rather than absolute. Ultraviolet light was delivered by a model 30600 Hanovia Quartz Lamp through filters 6540 and 6541 which limited transmission to the 2,500-3,700 A range.
Bacteriophage were diluted into M-9 salts solution (no glucose) and treated with chloroform. Since chloroform is relatively insoluble in water, the highest concentration used was 4 Ml/ml of phage suspension. The procedure for treating the phage was to deliver 20 til of chloroform into 5 ml of phage suspension in a Pyrex screw cap tube. The mixture was then manually shaken until there was no visible evidence of chloroform droplets. It was then allowed to equilibrate for 10 min, after which time 4 ml of the treated suspension was placed in a 10 ml Pyrex Griffen beaker and irradiated. It was found that beakers which had been repeatedly irradiated were unsatisfactory, since erratic survival curves resulted. Discolored beakers were discarded.
Results.-Early experiments: The earliest experiments (Figs. 1 and 2) clearly showed that the presence of chloroform during irradiation significantly reduced the surviving population of T2r bacteriophage. The resulting survival curves were not, however, quantitatively reproducible from day to day and were not exponential. The system responded to changes in the method of adding chloroform to the phage and in the time of exposure to chloroform before irradiation. The procedure previously described was instituted to minimize these effects, and it did result in fair quantitative reproducibility. Since the most interesting part of the survival curve seemed to be at total doses of 5 Kr, the relative dose rate was shifted from 1,000 r/min to 250 r/min to define the curve more adequately. Because the curves are not exponential and because survival in the control experiments is high, there is no convenient way of expressing a relationship between the two curves except in terms of the surviving fraction at some fixed total dose.
For example, a rough estimate of the 10o K -*--* -, D50 from Figure 3 phage in M-9 salts and in M-9 salts plus chloroform were irradiated at a dose rate of 250 r/min for eight min. At the termination of irradiation these suspensions were sampled periodically for 40 min. Figure 3 shows the combined results of two such parallel experiments and indicates a greater progressive loss of bacteriophage treated with chloroform than with M-9 salts alone. At 40 min after irradiation about 85 per cent of the bacteriophage treated with chloroform were inactivated as compared with 15 per cent in the case of the M-9 salts controls. Indirect effect: Other tests have been made to reveal the indirect effect in the following way. A suspension of M-9 salts and 0.4 per cent chloroform was prepared as previously described, but without the addition of bacteriophage. In a separate tube a suspension of phage in M-9 salts was prepared without chloroform. After the 10-min equilibration period, the two suspensions were divided, and aliquots of each were irradiated simultaneously in separate containers at 1,000 r/ min for 30 min. At the termination of irradiation four mixtures were made as follows: (I) nonirradiated M-9 salts-chloroform and nonirradiated phage; (II) nonirradiated M-9 salts-chloroform and irradiated phage; (III) irradiated M-9 salts-chloroform and nonirradiated phage; and (IV) irradiated M-9 saltschloroform and irradiated phage. Sampling began as soon as the mixtures were made and continued for 40-60 min. In calculating the surviving fraction, the first sample (i.e, directly after mixing) was used as the reference number. Table 2 summarizes the results of these experiments. There is a significant inactivation of nonirradiated phage when placed in the irradiated salts-chloroform solution (III), the reduction being about 90 per cent. When irradiated phage are placed in irradiated salts-chloroform solution (IV), there is a significantly greater inactivation of the bacteriophage than with nonirradiated phage in irradiated M-9 salts-chloroform (III). Ultraviolet light: Survival of bacteriophage treated with ultraviolet light at wavelengths between 2,500 and 3,700 A were exponential and were not influenced in any demonstable way by the presence of 0.4 per cent chloroform. Figure 4 shows the results of a typical experiment.
Discussion.-In 1941 Luria and Exner3 demonstrated that bacteriophages irradiated in minimal salts solution were subject to greater damage by X irradiation than were phages irradiated in nutrient broth. Since that time several substances have been found which are of a protective nature to the phages, but relatively few have been studied which produce an increased sensitivity to radiation.
The present experiments show that interactions exist among irradiated and nonirradiated chloroform solutions in buffer and irradiated and nonirradiated phage particles. In some instances surviving fractions to a given dose are more than 105 times lower than those observed under other circumstances. Whether these relations are additive or synergistic in nature cannot be said now, since this judgment will depend upon recognition of rates of inactivation of the phage under the different experimental circumstances.
It is clear, however, that the inactivating mechanism does require both chloroform and possibly ionizing radiation. That chloroform must be present during irradiation is indicated since (1) bubbling for 3 min with helium before irradiation completely suppressed the effect; (2) adding chloroform to nonirradiated phage resulted in very small losses; (3) a greater inactivation of phage was found in the aftereffect experiments when chloroform was preslore ent during the irradiation; and (4) at least a 10-fold inactivation was found in the indirect effect experiments when irradiated M-9 salts-chloroform was added to nonirradiated phage.
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The kind and quality of radiation required to pro-U duce the effect was not defined by these experiments, U'. except that the effect was produced by X irradiation Z\ and not by ultraviolet irradiation at wavelengths be-, tween 2,500 and 3,700 A. In this respect it is sig-S nificant to note that the first experiments with ultra- wavelengths of ultraviolet will produce an effect tion. o chloroform added. with chloroform. * no chloroform. The nature of the chloroform effect is not understood, but it is strongly indicated that there exists in this sytem a phenomenon closely related to the indirect effect. It is possible, but it has not been shown, that radicals are the toxic products formed in the solvent.-That such toxic products were formed in the solvent has been clearly demonstrated by (1) reversal of the effect by small concentrations of nutrient broth (which also reverses the indirect effect), (2) by an increase in phage inactivation after the cessation of irradiation when chloroform was present during irradiation, and (3) by the inactivation of phage after being placed in M-9 salts-chloroform solutions which had been irradiated before introduction of the phage.
These results lead to the conclusion that chloroform is active directly or catalytically in the production of toxic products in the solvent.
